Abstract: Analysis of landscape patterns, as an important means of studying landscape ecological functions and processes, is a key part of landscape ecology. The traditional patch-corridor-matrix paradigm, ignoring the differences between real three-dimensional (3-D) landscapes and two-dimensional (2-D) landscape maps, quantifies and describes 2-D landscape maps using landscape pattern metrics. Such simplification of the real landscape will lead to differences between 2-D landscape pattern metrics and real values, especially in mountainous areas. This study seeks to examine whether these differences are significant in natural landscape patterns. Fourteen small watersheds in a mountainous area were selected as sample landscape units. Two metrics at the patch level, five metrics at the class level, and four metrics at the landscape level were chosen as representative metrics. The results indicated that there were significant differences between the 2-D and 3-D landscape pattern metrics at the patch level, landscape level, and class level. We interpret the differences as errors in the 2-D metrics. The errors depend on the metric and the landscape type, and the errors for different landscape types were inconsistent. Whether these errors affect further interpretation of the role of pattern in landscape ecology remains uncertain.
INTRODUCTION
The interaction between landscape patterns and ecological processes is a key research priority in landscape ecology, in which the two comprise a feedback loop (e.g., Turner, 1989; Li and Wu, 2004) . Landscape patterns affect the movements of materials and energy, and the frequency, spatial distribution, and diffusion of ecological disturbances in heterogeneous landscapes. For example, studies have indicated that landscape patterns affect sediment and nutrient export to waterbodies (Tong and Chen, 2002; Bouldin et al., 2004; Xiao and Ji, 2007; Lee et al., 2009) , and in forest landscapes, small rivers and avalanche paths can prevent fires from diffusing effectively (Malanson and Butler, 1984; Pickett and White, 1985; Farina, 1998; Ryu et al., 2007) . Landscape patterns not only affect physical and chemical processes, but biological processes as well. The size and connectivity of fragmented patches can alter the dispersal and regeneration of plants, and affect the diversity and mortality of species, which recreate the composition and spatial configuration of patches (e.g., Turner et al., 2001) . It is difficult to study ecological processes directly, however, because of their characteristic complexity and abstraction. Moreover, it may take many years to investigate landscape dynamics (Fu et al., 2001) . When landscape ecologists study ecosystem processes, they emphasize the effects of spatial landscape patterns (Turner et al., 2001) . For these reasons, landscape ecologists usually study landscape ecological processes and functions by analyzing landscape patterns (Turner et al., 2001) . Patterns may be either dependent or independent variables in holistic landscape models or states in dynamic models with feedback. Thus, methods for quantifying landscape pattern for use in spatial analyses and dynamic models have been developed, and are commonly employed in landscape studies.
The first step in all landscape modeling is to quantify landscape patterns (Turner, 2005) . Landscape pattern metrics have been used to study landscape function, landscape change, and ecological management. Landscape functions are defined as the interactions between landscape units, such as movements of materials, energy, and species in ecosystems. Landscape pattern metrics have been used to analyze the movements and retention of nutrients Lee et al., 2009) , the persistence of metapopulations, and the spread of epidemics (Graham et al., 2004) . Due to disturbances and other factors, landscapes are dynamic. Proper landscape pattern metrics can indicate environmental changes effectively (e.g., Alftine and Malanson, 2004; Olsen et al., 2007; Lathrop et al., 2007; Hayes and Robeson, 2009; Paudel and Yuan, 2012) . Fragmentation, caused by disturbances from human activities, is a determining factor in species distribution and diversity and landscape dynamics. Landscape ecology researchers study fragmentation, de-fragmentation, and landscape connectivity by employing landscape pattern metrics (e.g., Schumaker, 1996; Hargis et al., 1998; Chardon et al., 2003, Zeng and Wu, 2005; Lele et al., 2008; Meynecke et al., 2008; Li et al., 2009; Quine and Watts, 2009; Hogan et al., 2012) . The traditional methods used in previous forest ecosystem studies are usually based on on-site conditions (e.g. species, ages, sizes), while landscape pattern metrics provide a new way for analyzing the whole characteristics of forest landscapes (Haines- Young and Chopping, 1996; Venema et al., 2005; Sano et al., 2009) . Landscape heterogeneity may also be a factor in determining visual aesthetic quality, and studies show correlations between visual aesthetic quality and a number of landscape pattern indices (De la Fuente de Val et al., 2006; Dramstad et al., 2006) .
Conversely, due to the lack of in-depth landscape pattern analyses, combined with ecological processes, inconsistent or inappropriate use of landscape pattern metrics, and the inherent limitations of landscape pattern metrics themselves, the usefulness of landscape pattern metrics has been questioned (McGarigal et al., 2002; Li and Wu, 2004; Wang and Malanson, 2007; Chen et al., 2008; Lin et al., 2008; Burnicki, 2010) . However, landscape pattern metrics remain a useful tool in landscape pattern analyses and still play a key role in understanding landscape patterns and ecological processes (Chen et al., 2008; Kupfer, 2012) .
Landscape ecology involves all mixes of natural and human-influenced landscapes (e.g., forest, agricultural, urban, wetland/riparian). Among these landscape types, forest landscapes, most of which in China are located in mountainous areas, draw more attention than other types. And with exploitation of natural resources, natural landscapes in mountain areas, especially in areas of less extreme relief, are most affected. Therefore, landscape ecology of mountainous areas is an active research field (e.g., Young, 2009) .
Landscape pattern analyses have mostly been based on the traditional and wellestablished patch-corridor-matrix paradigm. However, this paradigm does not take three-dimensional reality into account, but represents landscapes as planimetric surfaces (Hoechstetter et al., 2006 (Hoechstetter et al., , 2008 . As two-dimensional landscape maps may not accurately reflect the real landscapes, researchers introduced 3-D landscape pattern metrics and incorporated surface features into landscape analyses using digital elevation models (DEM) (Dorner et al., 2002; Blaschke and Dragut, 2003; Hoechstetter et al., 2006 Hoechstetter et al., , 2008 . Although 3-D landscape pattern metrics give impetus to quantitative analyses of landscape patterns, unanswered questions remain. The foremost question is whether significant differences exist between 2-D landscape pattern metrics and 3-D landscape pattern metrics. Previous studies have used natural landscapes and simulated elevation models to analyze the differences (Hoechstetter et al., 2008) . However, natural landscape models do not represent real landscapes closely , and the methods need to be improved and tested in the real world (Hoechstetter et al., 2008) . Thus, the objective of this study was to answer the following questions: (1) Do significant differences exist between 2-D landscape pattern metrics and 3-D landscape pattern metrics? (2) If differences exist, are they related among the various landscape pattern metrics? (3) Are common trends observed in these differences for different landscape types? The null hypothesis is that no differences would be found between 2-D and 3-D landscape pattern metrics.
STUDY AREA AND METHODS

Study Area and Data Collection
We selected the mountainous area of the Northern Guangdong Province (MANGP) as the study area (Fig. 1) . The MANGP is in the upstream area of the North River, which is one of the three tributaries of the Pearl River in southern China. The MANGP covers an area of approximately 3.6 × 10 4 km 2 and its elevation ranges from 12 m to 1902 m. Because of its abundant natural resources, sensitive eco-environmental systems, distinct landscapes, and frequent human activities, the MANGP has been a region of interest for geographers and ecologists. 
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The MANGP study area is too large to analyze in its entirety, so we selected 14 small watersheds as samples. Strip transects and buffers along corridors are usually selected in landscape ecology studies, but with the problem that many patches at the edges of the samples are divided. On the other hand, as a whole geographical and ecological unit, the watershed is one of the most popular objects in landscape ecology studies.
We used drainage (1:10,000), relief (1:50,000), and land use maps (1:10,000) in this study. With different landscape classifications, the same landscape metrics for the same study area will have different values (Wickham et al., 1997; Li and Wu, 2004; Saura, 2004; Peng et al., 2006) , and no single landscape classification is universally accepted. The existing land use maps were classified according to the Chinese government standard classification and had 41 classes. These classes were so detailed that we aggregated them into 13 categories using Arcmap 9.0 (Table 1) . To determine the role of human activities, we assigned these specific categories to three general categories according to the frequency of human activities.
Selected Landscape Pattern Metrics
A large number of landscape pattern metrics have been used in landscape ecology studies. It is not feasible to compute all possible landscape metrics in this study. In addition, many metrics are similar; for example, the Shannon and Simpson indices have the same ecological meanings and are strongly correlated (O'Neill et al., 1988;  Riitters et al., 1995; Bu et al., 2005) . FRAGSTATS (McGarigal et al., 2002) divides landscape metrics into three categories: patch metrics, class metrics, and landscape metrics. Taking previous studies for reference, we selected patch area (A) and perimeter (L) as patch metrics, and five class metrics and four landscape metrics. Class metrics were percentage of patch area (P), average patch area (A), average patch perimeter (L), average patch shape index (S), and average patch fractal dimension (F); and landscape metrics were Shannon diversity index (SHDI), cohesion index (COH), largest patch index (LPI), and edge density (ED). Patch area and perimeter are the basic elements of patch; percentage of patch area, average patch shape index, and average patch fractal dimension give a general impression of class composition and patch shapes. The four landscape metrics are commonly used. The metrics used in this study are listed (together with their formulae) in Table 2 . A detailed description of the metrics can be found in the documentation for FRAGSTATS (McGarigal et al., 2002) .
Calculation of 3-D Surface Area and Length
Many software packages, such as FRAGSTATS (McGarigal et al., 2002) , Apack (Mladenoff and Dezonia, 2007) , and SimMap (Saura, 2003) , have been developed for the computation of landscape pattern metrics based on either vector or raster data . But information on 3-D features such as surface roughness, landform, and relief variability within landscape elements ("patches") is not accessible using these software packages (Hoechstetter et al., 2008) . We calculated 3-D landscape pattern metrics with the help of DEMs. In the strict sense, DEMs are not true 3-D spatial models. DEMs give each grid (or point) a Z-value, and so they are deemed to be a 2.5-D representation of the true topography. In most cases, however, DEMs can be considered to provide a sufficient approximation of the true surface conditions (Hoechstetter et al., 2008) . We computed patch area and length, the basic attributes of patches, using ArcView3.2 and Surface Tools for Points, Lines and Polygons (v.1.6b) developed by Jenness (2004) (http://www.jennessent.com/arcview/ arcview_extensions.htm). With the 2-D and 3-D area and length data, we computed their 2-D and 3-D values according to formulae listed in Table 2 .
We computed the surface lengths for 2-D and 3-D as shown in Figure 2 . In a 2-D vector map, the lengths of Line AD (L AD ) and Line ABCD (L ABCD ) are:
We computed the 2-D and 3-D values of length in Arcmap9.0 using the tools "calculate geometry" and" surface length." We computed the surface areas for 2-D and 3-D as shown in Figure 3 . For example, for these polygons we first clipped TINs corresponding to the vector boundaries of the six patches; then, we computed the surface area of each TIN, considered to be the polygon's true area, using ArcView 3.2 and Surface Tools for Points, Lines and Polygons (Jenness, 2012) .
Difference Index
To find out the differences between 2-D metrics and 3-D metrics, a difference index, R, was developed in this study:
where Metric_ 2D and Metric_ 3D are 2-D metrics and 3-D metrics, respectively. According to the above definition, the smaller the difference between the 2-D metrics and 3-D metrics, the smaller the absolute value of R will be, reaching 0 where the two metrics are identical.
For our 14 watersheds, 13 landscape classes and two patch metrics, five class metrics and four landscape metrics, we have two pairs of metrics at the patch level, 910 pairs at the class level, and 56 pairs at the landscape level. We hypothesized that no differences will be found between the 2-D and 3-D metrics. We used a onesample t-test to determine whether significant differences existed between R and 0.
RESULTS
Differences between the 2-D and the 3-D Metrics at the Patch Level
In these 14 watersheds, there are 13,224 patches. The R values did not follow Gaussian distributions, so we averaged the R values in each watershed as testing samples. Then for patch area (A) and perimeter (L), two data groups do follow Gaussian distributions according to the K-S test. Significant differences exist between 3-D and their 2-D metrics for A and L (Table 3) .
Differences between the 2-D and the 3-D Patch Class Metrics at the Landscape Component Level
As shown in Table 4 , significant differences are found between some 3-D metrics and their 2-D counterparts across all landscape classes. These 3-D metrics included A, L, and S. For slashes and bare land, no significant differences are found in patch area (P) between its 3-D and 2-D metrics at the 95% confidence level. The same holds for F for mining land, slashes, sparsely forested woodland, and young afforestation land.
Although for most of the landscape types, we found statistically different results for all the five selected metrics, the five metrics had different means for their R values (Fig. 4) . The R values of A and L for all landscape types were smaller than 0, suggesting that A and L, as often used, were under-represented compared to their true values. The largest absolute mean of R for A was -0.1108, and the largest absolute mean of R for P was 0.1027. On the contrary, R values of S and F for all landscape types were greater than 0. The mean ranges of R values of A and P were very large, while the largest and smallest means of R of F were very close. The values of R depended on both the metric type and the landscape type.
How does landscape type affect the value of R? Figures 5-7 show the order of the means of R of the five metrics for different landscape types. On the whole, we found that the absolute means of R for anthropogenic landscape types were very small, except for that of P. But the absolute means of R for natural landscape types were large. These results indicate the effects of topography and surface roughness on landscape metrics. When terrain is highly variable, the patch area and length based on 2-D vector maps deviate from the true values. The more complex the surface, the larger the deviation. So, the R values of A and L for natural landscape types, such as mountainous woodland, are usually greater. As human activities often concentrate on plains, the R values of A and L for semi-natural and anthropogenic landscape types with gentle slopes are small. The effect of roughness was not as obvious on F is a on A and L for all landscape types. One reason was that F is a combined metric of a patch's area and length. Even if both A and L have larger values than their 2-D equivalents in mountainous areas, F may still be small because of its calculation algorithms.
Differences between the 2-D and 3-D Metrics at the Whole Landscape Level
We found significant differences between 3-D and 2-D metrics at the landscape level (Table 5 ). These four metrics differed in their means. R values of SHDI and ED were larger than 0, but the reverse was true for COH and LPI. We can also see that the R value of ED was the largest, and the differences in ED between 2-D and 3-D were more significant.
DISCUSSION AND CONCLUSIONS
Various studies have examined the characteristics of landscape pattern metrics (Frohn and Hao, 2006) but few have addressed the obvious problem of treating a 3-D landscape as a 2-D surface. Our quantification shows several trends. Significant LANDSCAPE PATTERN METRICS 397 differences exist between the 2-D and 3-D metrics in the selected two landscape pattern metrics at the patch level and four landscape pattern metrics at the landscape level. At the class level, significant differences persist between the five 3-D metrics and their 2-D equivalents, except P for slashes and bare land, and F for mining land, slashes, sparsely forested woodland, and young afforestation land. The differences between the 3-D landscape pattern metrics and their 2-D equivalents of A were the largest, with error of about 11%. R values of 2-D and 3-D L, P, and ED were also large, while R values of the 2-D and 3-D COH and F were small. Thus, it is necessary to modify P, ED, A, and L when computed based on the planimetric surface in landscape analyses using these landscape pattern metrics. Additionally, our study showed that the A and L we had often used were lower than their true values. On the contrary, values of SHDI, ED, S and F were exaggerated. It is interesting that, in some cases, the 2-D P was larger, while in other cases, the 3-D P was larger. So we can conclude that the value of R depends on the metric type as well as the landscape type.
Errors of 2-D and 3-D landscape pattern metrics of different landscape types were inconsistent. First, we found no significant differences in some landscape pattern metrics between their 2-D and 3-D forms. Second, errors varied for some metrics among different landscape types. The errors of 2-D and 3-D P decreased from anthropogenic landscapes to semi-natural landscapes and to natural landscapes, while those of the 2-D and 3-D A, and L, S, and F increased from anthropogenic landscapes to semi-natural landscapes and to natural landscapes. Third, R values of 2-D and 3-D P of all the landscape types were larger than zero except that of dense forested woodland.
In this study, we computed 3-D landscape pattern metrics based on a 1:50,000 DEM. In most cases, DEMs are considered sufficient to provide an approximation of the real surface conditions (Hoechstetter et al., 2008) . However, DEMs are constructed with topographic data of different precision, which leads to a scale problem (e.g., Ostapowicz et al., 2008) . What if we compute the 3-D landscape pattern metrics based on data with higher or lower precision? It may be necessary to find a proper scale for a balance between precision and computing time. The most interesting addition or complement to examining 3-D topography in landscape pattern metrics is the analysis of other surfaces that add a third dimension, as illustrated by McGarigal et al. (2009) . So many landscape pattern metrics are in use that we could not discuss all of them in this paper. So the results for the nine metrics selected for this study may not be applicable to other landscape pattern metrics. Moreover, questions persist: Do these differences between 2-D and 3-D metrics have effects on landscape ecological analysis? What is the effect of the 10% error on landscape ecology modeling? Is there a threshold? To answer these questions, further studies are needed. Whether for use as dependent or independent variables or within feedback loops, the meaning of many landscape pattern metrics will vary with the degree of topographic variation that they do or do not represent-and they are representations.
